Abstract Tobacco smoking is a global health hazard that kills about 5 million people annually. Waterpipe smoking is among the most popular methods of tobacco consumption worldwide. In this study, we investigated whether waterpipe smoking impairs learning and memory in the hippocampus, a question of special concern due to the particular popularity of waterpipe use among youth. Additionally, possible molecular targets for expected learning and memory impairment were determined. In this study, rats were exposed to waterpipe smoke (WTS) by whole body exposure 1 h × 5 days/week, for 1 month, and outcomes were compared to a control group exposed only to fresh air. Outcomes included spatial learning and memory using the radial arm water maze (RAWM) and oxidative stress biomarkers (catalase, glutathione peroxidase (GPx), superoxide dismutase (SOD), glutathione (GSH), oxidized glutathione (GSSG), GSH/GSSG ratio). We found that WTS exposure led to impaired short-and long-term memory. This impairment was accompanied by reduced hippocampal activity of catalase, SOD, GPx, GSH, and GSH/GSSG, elevated GSSG, thus marked changes in oxidative stress biomarkers. In conclusion, there is reason for concern that WTS exposure may impair cognitive ability.
Introduction
Tobacco smoking is a public health epidemic that has spread worldwide and is responsible for about 5 million deaths (Eriksen et al. 2015) . In the USA, tobacco smoking remains the leading preventable cause of death (Bauer et al. 2014 ). There are different methods of smoking tobacco, including cigarettes, cigars, and waterpipes (aka Bshisha,^Bhookah,B narghile^) . While all of these methods involve exposure to toxicants, they may impair human health in different ways (Hoffmann and Hoffmann 1997; Khabour et al. 2012a ).
Waterpipe smoking is often associated with the Eastern Mediterranean Region (EMR), where its current smoking rates are as high as 45 % among some populations (Saade et al. 2009; Khabour et al. 2012b; Azab et al. 2013; Maziak et al. 2014 ). In the USA, waterpipe smoking is most often seen among university students. For example, among 105,000 US university students surveyed in 2008, 30 % reported Bever use^of a waterpipe to smoke tobacco, and WTS was the 2nd most common tobacco use method (Primack et al. 2013) . Also, of 3770 students from eight universities in North Carolina surveyed in 2008, 40 % reported ever and 17 % reported current use (Sutfin et al. 2011) . Use among US adolescents is also high: 17 % of a nationwide sample of 15,100 US 12th graders reported past-year WTS (Johnston et al. 2011) . Taken together with the results of surveys from the EMR and countries in North American, Europe, Australia, and Africa (Akl et al. 2011; Martinasek et al. 2011 ), these use rates indicate waterpipe as a growing worldwide epidemic (Maziak et al. 2015; Ward 2015) .
Accumulating evidence indicate that waterpipe leads to multiple short-term mortalities including increased heart rate and blood pressure, stimulation of inflammatory responses, and impaired pulmonary function (El-Zaatari et al. 2015) . Studies on long-term mortalities of water pipe indicate increased risks for cardiovascular, respiratory, and reproductive diseases (reviewed in El-Zaatari et al. 2015) .
Waterpipe use typically involves high doses of carcinogenic polycyclic aromatic hydrocarbons, volatile aldehydes, nitric oxide, carbon monoxide (CO), and nicotine (Shihadeh et al. 2015) . These and other components may have various cognitive effects. For example, nicotine has been found to improve performance on attention and memory tasks (Rezvani and Levin 2001) and to attenuate memory impairment associated with several health conditions in both human and animals (Harris et al. 2004; White and Levin 2004; Aleisa et al. 2006 Aleisa et al. , 2011 Carrasco et al. 2006; Jubelt et al. 2008; Srivareerat et al. 2011; Alzoubi et al. 2013c ). In addition to nicotine, the high levels of carbon monoxide inhaled during WTS in human sometimes are enough to cause acute toxicity (Eissenberg 2013; von Rappard et al. 2014 ) and induce oxidative stress in both human and animals (Valenca et al. 2008; Khabour et al. 2011 Khabour et al. , 2012a Alsatari et al. 2012) , thus probably influencing cognitive function.
The term oxidative stress describes a situation of imbalance between reactive oxygen species and the antioxidant opposing forces (Gupta et al. 2003) . Superoxide dismutase (SOD) catalyzes the dismutation of superoxide into hydrogen peroxide, which is then neutralized by catalase or by glutathione peroxidase (GPx) (Zelko et al. 2002; Chelikani and Loewen 2004) . The glutathione system is composed of enzymatic antioxidants including GPx and the free radical scavenger glutathione (GSH) (Meister and Anderson 1983) . When reduced GSH is transformed to oxidized glutathione (GSSG) via GPx, hydrogen peroxide (a powerful oxidant) is transformed into water. Waterpipe exposure was previously reported to induce lung oxidative stress in mice (Valenca et al. 2008; Khabour et al. 2012a ) and oxidative DNA damage to the human lymphocyte Alsatari et al. 2012) . On the other hand, oxidative stress was associated with cognitive impairments in a number of health conditions in both human and animals (Butterfield et al. 2001; Lauderback et al. 2001; Lovell and Markesbery 2001; Nicolle et al. 2001; Alzoubi et al. 2012b Alzoubi et al. , 2013b Mhaidat et al. 2015) . However, no study has evaluated the effect of WTS on cognitive function and its relation to oxidative stress status specifically, though recent results demonstrating acute impairment on a driving task in human are suggestive (Elias et al. 2012) . Thus, in this study, we examined the effect of waterpipe tobacco smoke exposure on learning and memory in rats, as well as possible molecular targets of this effect. The results of the study are expected to inform users, health professionals, and policymakers to support policy and prevention approaches that are specific for waterpipe.
Methods

Animals and Treatments
Adult male Wister rats aged 10-12 weeks and weighing 180-200 g were used in this study. The animals were housed in metal cages (five rats per cage) under hygienic conditions and maintained at normal room temperature with free access to food and water. Animals were housed on a 12 h light/dark cycle (light on 8 a.m.) at 25°C. All experimental procedures were performed during the light cycle. The study was approved by animal care and use committee of the Jordan University of Science and Technology. Animals were assigned into two groups (n=12-14/group) randomly: control (room air) and waterpipe smoke (waterpipe) exposure. The waterpipe group was exposed for one 60-min smoking session/day for 5 days/ week for 4 weeks using a whole body exposure apparatus as described in . Briefly, the apparatus is composed of a waterpipe smoking machine and an exposure chamber. The smoking machine utilizes a diaphragm pump to draw from a waterpipe and discharge into the chamber. The pump is automatically controlled to provide 171 puffs of 2.6 s duration with an interpuff interval of 17 s, in accordance with the Beirut Method (Shihadeh et al. 2004; Katurji et al. 2010 ). The charcoal used was quick lighting charcoal disks (Shaban brand, Egypt), the Moassel type was two Apples (Nakleh, Manamah, Bahrain). The ventilation in the exposure system was adjusted so waterpipe animals were exposed to mean±SD levels of CO of 990±91 ppm. Animals in the control group were placed in the same exposure chamber at the same intervals and exposed to fresh air only.
Behavioral Test
The radial arm water maze (RAWM) was used to test spatial learning and memory between groups (Diamond et al. 1999; Alzoubi et al. 2006b Alzoubi et al. , 2009b Alzoubi et al. , 2012b . This model along with a detailed procedure was previously described (Alzoubi et al. 2012a, b) . Briefly, learning was accomplished by having the rats undergo 12 consecutive trials; the first six trials followed by 5 min rest then another six trials. Short-term memory testing was done 30 min, and long-term memory 5 h and 24 h after the end of the last trial of the learning phase. The above described sequence was done only one time. In each trial, the animal was started in a different starting arm (except the goal arm) in a particular day for a particular rat. In each trial, the rat was allowed 1 min to swim freely in the maze to find the hidden platform. Once the rat is on the platform, the rat was allowed 15 s to observe visual cues before the next trial. When a rat was unable to find the platform within the 1-min period allowed, it was guided toward the platform for a 15-s stay. During the 1-min period, each time the rat entered an arm other than the goal arm, an error was counted. Entry occurred when the whole body of the rat (not including the tail) was inside the arm. The RAWM training was carried out immediately after 4 weeks of treatment. Waterpipe exposure continued throughout the RAWM testing day, where the last session was carried out on the morning of the RAWM testing day.
Hippocampus Dissection
Animals were sacrificed after 4 weeks of waterpipe smoke or fresh air exposure, where the last session was carried out on the morning of the dissection day. Dissection was carried out as described in (Alzoubi et al. 2006a (Alzoubi et al. , 2009a Khabour et al. 2010 Khabour et al. , 2013 . Briefly, the brain was removed immediately from the skull and placed on a filter paper containing cold normal saline, over a glass plate filled with crushed ice. The whole hippocampi (from both sides of the brain) were dissected out and placed in tubes then, immediately, immersed in liquid nitrogen and stored at −30°C until time of tissue processing.
Calorimetric Enzymatic Assays
To determine activities or levels of oxidative stress enzymes and molecules, hippocampus tissues were homogenized manually using small pestle in lysis buffer (137 mM NaCl, 20 mM Tris-HCl pH 8.0, 1 % Nonyl phenyl polyethylene glycol ether with 20 molecules ethylene oxide, 10 % glycerol, 0.5 mM sodium vanadate, 1 mM polymethane sulfonyl floride), and protease inhibitor cocktail (Sigma-Aldrich Corp, Mi, USA). Homogenates were centrifuged to remove insoluble material (14,000×g for 5 min, 4°C). Total protein concentration was estimated using commercially available kit (BioRAD, Hercules, CA, USA). To quantify GSH, homogenates were deproteinized in 5 % 5-sulfosalicylic acid, centrifuged at 10, 000×g and 4°C for 10 min, and then the supernatants were assayed for total GSH and GSSG according to the manufacturer's instructions (Glutathione Assay Kit, Sigma-Aldrich Corp). For analysis of GSSG, 10 μl of 1 M 4-vinylpyridine (Sigma-Aldrich Corp) was added per 1 ml of supernatant to quantify GSSG. GSH was calculated by subtracting total glutathione species value from GSSG value. Activity of GPx was determined using GPx cellular activity assay kit (SigmaAldrich). Catalase and SOD activities were measured using commercially available kits according to the manufacturer's instructions (SOD: Sigma-Aldrich Corp; Catalase: Cayman Chemicals Co, Ann Arbor, MI, USA). ELISA plates were read at kit's specified wave lengths using an Epoch Biotek microplate reader (BioTek, Winooski, VT, USA).
Statistical Analysis
All statistics were carried out using the GraphPad Prism (4.0) computer program. Comparisons of the number of errors during the RAWM were made using repeated ANOVA; followed by Bonferroni post test. Time (repeated measures factor) and treatment (between-subjects factor) groups were the independent variables. Comparisons of oxidative stress biomarkers were made using unpaired t test. P<0.05 was considered significant. All values are represented as mean±standard error means (SEM).
Results
The Effects of WTS on Learning and Memory
Both animal groups learned the location of the submerged platform, as determined by the marked reduction of errors in the learning phase (trials 1 to 12; Fig. 1) , with no significant difference among these groups in all training/learning trials. In short-term memory test, which was done 30 min after the end of the 12th trial, the waterpipe group made significantly more errors than the control group (1.93±0.48, 0.34±0.34; respectively, P=0.002; Fig. 2a) . In long-term memory tests, which were done 5 and 24 h after training, the waterpipe group made significantly more errors in finding the hidden platform compared to control group (5 h test: 1.78±0.34, 0.41±0.26; respectively, P=0.003; Fig. 2b ; 24 h test: 1.46±0.34, 0.26± 0.17; respectively, P=0.001; Fig. 2c ). 
The Effect of WTS Exposure on Hippocampus Oxidative Stress Markers/Antioxidant Enzymes
The levels of GSH were reduced (Fig. 3a) , whereas the levels of GSSG were increased (P=0.0002, Fig. 3b ) in waterpipe group compared to the control group. Additionally, a significant decrease was observed in the ratio of GSH/GSSG in the waterpipe group compared to the control group (P=0.0001; Fig. 3c ). The WTS exposure significantly decreased hippocampus GPx activity as compared to the control group (P= 0.02; Fig. 4a ). The waterpipe group also had significantly decreased SOD (P=0.03, Fig. 4c ) and catalase (P=0.009, Fig. 4b ) activities compared to control group.
Discussion
The current study found that WTS exposure did not impair learning but did impair short-and long-term memory in rats, as indexed by an increased number of errors in the radial arm water maze at 30 min and 5-and 24-h after introduction into the maze apparatus. The extent to which these impairments Fig. 2 Memory performance in the RAWM. Short-term memory test at 30 min (a), long-term memory tests at 5 h (b) and at 24 h (c), after the last trial of the learning phase. Chronic exposure to waterpipe smoke impaired short-and long-term memory. Each point is mean±SEM of the number of errors committed in the corresponding memory test from 12 to 14 rats. Asterisks indicate significant difference from all other groups, (P<0.05) Fig. 3 Changes in glutathione levels in the hippocampus. a Levels of reduced glutathione (GSH). b Levels of oxidized glutathione (GSSG). c Ratio of GSH/GSSG. Both GSH and GSSG were measured using commercially available glutathione assay kit. Each point is the mean±SEM. Asterisks indicate significant difference from all other groups, (P<0.05, n=10-12/group) were mediated by exposure to nicotine, carbon monoxide, and/or other waterpipe tobacco smoke toxicants is unclear. However, the impairments may be related to WTS-induced reduction of the levels and activities of hippocampal oxidative stress markers and antioxidant enzymes such as GSH, GSH/ GSSG ratio, GPx, catalase, and SOD.
The observed impairment of cognitive function in WTSexposed animals is consistent with previous work on effects of cigarette smoke exposure. For example, Ho et al. (2012) found that chronic smoking predisposed the brain to Alzheimer's disease by increasing amyloid precursor protein processing, leading to greater production and accumulation of beta amyloid protein in the hippocampus (Ho et al. 2012) . AmosKroohs et al. (2013) showed that mice exposed to cigarette smoke throughout gestation and lactation had longer latencies and impaired learning on the Morris water maze task (AmosKroohs et al. 2013 ).
While the current study does not demonstrate a mechanism by which WTS exposure induces memory impairment, changes in oxidative stress and antioxidant enzymes in the hippocampus suggest that oxidative stress may be a likely candidate. Oxidative stress has been associated with neuronal damage and subsequent impaired spatial learning and memory (Benzi et al. 1990; Fukui et al. 2002; Jhoo et al. 2004 ). Thus, the fact that GSH/GSSG was significantly reduced in the WTS group in the current study indicates a shift toward an oxidative state in the hippocampus, making it plausible that oxidation-induced neuronal damage led to the observed impairment of cognitive function.
Oxidative stress has been linked to cognitive impairments in several health conditions that are known to affect oxidative stress level, such as aging (Nicolle et al. 2001) , sleep deprivation (Alzoubi et al. , 2013b Mhaidat et al. 2015) , hyperhomocysteinemia (Alzoubi et al. 2014) , traumatic brain injury (Aiguo et al. 2010) , western diet (Alzoubi et al. 2013a, b) , and Alzheimer's disease (Markesbery 1997; Markesbery and Lovell 1998; Butterfield et al. 2001; Lauderback et al. 2001; Lovell and Markesbery 2001) . In addition, the majority of reports underlying cognitive deficit in Alzheimer's disease relates the impairment to oxidative stress manifested by decreased levels of antioxidant enzymes (Markesbery 1997; Markesbery and Lovell 1998; Butterfield et al. 2001; Lauderback et al. 2001; Lovell and Markesbery 2001) .
That WTS exposure leads to oxidative stress is also consistent with previous studies of the effects of tobacco smoke exposure. We have previously exposed mice to WTS for 1 h/day for 7 days and found an increase in oxidative stress biomarkers in the lungs, including GPx and catalase activities . Similarly, an increase in the activities of oxidative enzymes including SOD, CAT, and lipid peroxidations was shown in the BALF and lungs of cigarette smoke-exposed mice (Valenca et al. 2008) . In addition, previous studies revealed that waterpipe smoking causes oxidative DNA damage to the human lymphocyte Alsatari et al. 2012) .
This study may have suffered some limitations. For example, oxidative stress was only analyzed in the hippocampus. This is because the RAWM task and the type of memory it tests is a hippocampus-dependent (Diamond et al. 1999; Alzoubi et al. 2006b Alzoubi et al. , 2009b Alzoubi et al. , 2012b . Analysis of molecular changes in other brain areas is a recommended future study. Additionally, the waterpipe smoking session took place 8-9 a.m. each day, which added 1 h of activity at the beginning of the light, thus reduced the inactive phase for the animals by 1 h. However, this time interval is unlikely to have any effect on cognitive functions by virtue of many brief procedures such as drug administration, brief exercise, psychosocial stress, forced swim etc. that were routinely carried out on Fig. 4 Activity of GPx, SOD, and catalase in the hippocampus. Chronic exposure to waterpipe decreases the activity of a GPx, b SOD, and c catalase in the hippocampus. The activities of various enzymes were measured using commercially available kits according to the manufacturer's instructions. ELISA plates were read using an automated plate reader. Each point is the mean± SEM of 12 to 14 rats. Asterisks indicate significant difference from all other groups, (P<0.05, n=10-12/group) animals during the inactive phase in hundreds of studies that assessed cognitive functions. Furthermore, testing of lipid peroxidation, and other important biomarkers such as P67phox and P47phox expressions, NADPH activity, NOX activity, and neurotrophic factors such as brain-derived neurotrophic factor (BDNF) are recommended future direction to further characterize molecular changes associated with watepipe smoking. In the current study, we showed increased ratio of GSH/GSSG, which indicates elevation of oxidative stress in the hippocampus. In association with that, we showed reduced activities of anti-oxidative enzymes indicate failure of antioxidative mechanisms, which is a characteristic of chronic oxidative stress. Another future direction is to investigate abrogation of the waterpipe smoke effect by adding antioxidant agent that could be administered to the rats while exposed to smoke. Finally, because the experiments in the current study were carried out in animal models, the clinical implications of these results are yet to be examined using clinical studies.
CO exposure is associated with memory impairment (Ryan 1990; Bastin et al. 2004; Cutajar and Edwards 2007; Wang et al. 2009 ) and elevated oxidative stress (Zhang and Piantadosi 1992; Taskiran et al. 2007; Wang et al. 2009 ). CO concentrations in waterpipe smoke are substantial, and a typical waterpipe use session involves inhalation of many cigarette equivalents of CO (Eissenberg and Shihadeh 2009; Katurji et al. 2010) . Investigating the contribution of CO in this observed memory impairment is a matter of our future work.
One of the limitations of the current study is that it examined the effect of exposure to one session of waterpipe smoke during treatment. However, the behavior of waterpipe users extends from multiple sessions per day to occasional smokers. In addition, we used whole body exposure rather than nose only exposure. The whole body exposure was selected because it allows the animals to thermo-regulate better and is not associated with restrained stress (Cheng et al. 2010) . On the other hand, whole body exposure may involve exposure to smoke through ingestion. It is recommended that the present findings are confirmed using nose-only exposure model. Furthermore, future study should be directed toward examining the effects of duration/magnitude of exposure to waterpipe smoke on cognitive function.
In summary, there is evidence that waterpipe tobacco smoke exposure impairs short-and long-term memory in animal models, and that this impairment in cognitive function is consistent with observed changes in the oxidative stress of the hippocampus.
